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Abstract :

A new model was developed to describe the diffusion limitation on free radical polyme-rization. In

this model the termination rate coefficient (k,) and propagation rate coefficient (k,) were expressed as a

function of bulk viscosity { ). This model was used to simulate the 'batch thermal polymerization of styrene
(St) and the continuous thermal bulk copolymerization of St (monomer 1) and maleic anhydride (MAH,
monomer 2) in a CSTR with on-line monitor of the rheological behavior. The simulated results on polymeriza-
tion conversion, copolymer composition, molecular weight and its distributions were compared with the experi-
mental data, and the results calculated by two previous gel-effect models i.e. Martin-Hamielec and Tulig-Tir-
rell models. It was found that the present model produces better prediction than that of the Tulig-Tirrell model
and has the same accuracy as that of the Martin-Hamielec model, but is much simpler.
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INTRODUCTION

It is well known that in free radical polymer-
ization, the diffusion controlled processes strong-
ly influence the rate of polymerization and the
properties of the produced polymer. A number of
models were developed to describe this phenome-
na quantitatively( Achilias et al. ,1988; Achilias
et al.,1992a; Achilias et al.,1992b; Cardenas
et al., 1977; Chui et al., 1983; Hui et al.,
1972; TIto, 1980; 1981; Marten et al., 1979;
Marten et al., 1982; O’Neil et al., 1997;
Sharmal et al., 1988; Soh et al., 1982; Tulig
et al., 1981; Vivaldoo-Lima et al., 1994 ),
among which the Martin-Hamielec ( Marten et
al., 1979; Marten et al., 1982) model (MH),
Chiu-Carratt-Soong ( Chiu et al., 1983; Sharmal
et al., 1988 ) model (CCS), Soh-Sundberg
(Soh et al., 1982) model(SS), Achilias-Kipa-
rissides( Achilias et al., 1988; Achilias et al.,
1992a; Achilias et al. 1992b) model ( AK),
TuligTirrell (‘Tulig et al., 1981) model (TT)
are popular. In all the models, the expressions
for termination rate coefficient, k, and propaga-
tion rate coefficient, k, are composed of a chem-
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ical (reaction) term and a physical ( diffusion)
term . The chemical term depends on the charac-
ters of the radicals and monomers, the physical
term depends on the physical environment of the
reactants. According to the way in which the two
terms are coupled together, these models can be
divided into two categories: “serial” model and ”
parallel” model. The MH model, TT model and
SS model for k&, are the "serial” models. The CCS
model and AK model are the "parallel” models.
A significant difference between the ” serial”
model and “parallel” model is the onset point of
diffusion influence on k, and k;,. In the "paral-
lel” models, allowance is made for the onset of
diffusion limitation as the moment polymerization
begins. In the “serial” model, the k, and k, are
considered as constants until their corresponding
critical concentrations ( C,; ) are reached.
Turner( Turmer, 1977) suggested that the onset
of the gel effect is identified with the onset of en-
tanglement in the polymerizing mixture, and the
dependence of C.; on the molecular weight
(M, ) of the polymer is described by Eq (1)

K = C'critﬁlgtz (1)
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Here, the constant 0.5 <a < 1. In general,
the onset of diffusion limitation on k, is later
than that on %,. It was supposed that this phe-
nomenon only takes place at the below glass
transition temperature of the polymerizing mix-
ture. Vivaldoo-Lima et al. (1994) claimed that
the physical picture of the "parallel” model may
not be correct.

The key task of modeling the diffusion con-
trolled polymerization is how to calculate the dif-
fusion term. Cardens and O’Driscoll(1977) pos-
tulated that %, is inversely proportional to entan-
glement destiny. This leads to a function de-
pending on

1
k, o m (2)

Here, $p is the volume fraction of polymer,
N is the chain length. In the most recent stud-
ies, the free volume theory and reptation theory
are used for the computation of the diffusion co-
efficients of macromolecule and monomer, and
the %, and %, are connected with the free volume
or polymer concentration. In our recent work, a
continuously stirred tank reactor ( CSTR) with
on-line monitoring of agitation torque was used.
The rheological data and kinetics data of the re-
action system during the polymerization were ob-
tained. This paper describes a new gel effect
model developed to describe the effect of bulk
viscosity on k, and k,. The model was tested
against batch polymerization of Styrene (St) and
the continuous bulk copolymerization of St and
maleic anhydride (MAH) .

DEVELOPMENT OF A NEW MODEL

The bimolecular reaction between two reacta-
nts A and B can be described by the following
equation, which takes the diffusion steps into
consideration :

k k
A+ B%(AB)—&C
-D

Here, A and B may be a monomer molecule
or a polymeric radical, C can be a new and long
radical or a dead macromolecule. kp, k_p, kc
are approaching rate, separating rate, and
chemical kinetics constants respectively .

Assuming the steady state of the concentra-

tion of ” AB” is reached, the apparent kinetic
constant( k;) can take the following form:

kc kD

kc + k—D (3)

kI =

Here, subscript I accounts for propagation or
termination .

If the diffusion steps are slower than the
chemical reaction step, i.e., k¢>k_p, the
reaction rate is controlled mainly by the ap-
proaching step of the two reactants. In this case,
the Smoluchowski equation can be used

k] = kD = 47’[’7‘m(DA + DB) (4)

Here, D, and Dy are the self-diffusion coef-
ficients of A and B, r, is the intermolecular
separation radius required for reaction.

Free volume is a useful concept for discuss-
ing the mobility of the solvent and chain seg-
ments in polymer solution. Three typical free
volume theories respectively given by Vrentas
and Duda(1977;1993), Bueche(1962), Fujita
(1961;1991) are frequently used in models for
diffusion controlled polymerization. Although the
diffusion terms are somewhat different from each
model according to various free volume theories,
they are all made up of a product of two func-
tions. One is dependent on the average chain
length and is expressed as a decaying power
function, and the other is related to free volume
(V;) as a decaying exponential, i.e.

ki o« (M) *exp(— BIVy) (5)

Here, A, B are constants and A is zero for k,
and ranged from 1 to 3 for &,.

Another approach for describing the dynamic
properties of flexible polymer in ”good” solvent
was developed by de Gennes(1971; 1976). In
his view the motion of a given macromolecule is
confined within a virtual ”tube” defined by the
locus of its interaction (or point of entangle-
ment) with adjacent molecules. The molecule is
constrained to wriggle snakelike along its own
length, by curvilinear propagation of length de-
fects such as kicks or twists along the tube. This
type of motion was termed reptation. As a conse-
quence of this idea together with scaling concepts
and renormalization group, the relationship
among polymer solution concentration ( C ),
chain length (N) and diffusion coefficient ( D)
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was described as:

D o« N2:C™ (6)

This relationship accorded with the experi-
mental results of Klein (1978), Hervet et al.
(1979) and Callaghan et al. (1980) . This theo-

ry was used to deduce the following equation.
7 o« N3C* (7)

where, 7 is the bulk viscosity.

This expression was confirmed by Ferry et
al.(1970).

Combining Eq (6) and Eq (7) yields the

following equation.
D o ,'7—7/15 N—0.6 (8)

As a new gel effect model, we have

k, = kt,O C<Cyx
M, | (9)
k, = kt'onJ“S(Mw,cm) C > Cui
and
kp = kp’o . C << Ccm (10)
kp = kp,()’? C > Ccﬁt

Here, M, is the weight-average molecular
weight of the produced polymer; M, . is a crit-
ical molecular weight; a, a parameter to be esti-
mated; C.;, the critical polymer concentration
at which the reptative behavior becomes domi-
nant; C’_, , indicates the onset of diffusion lim-
itation on k,. The model is used to simulate a
variety of bulk polymerization systems, including
the batch thermal polymerization of St and the
continuous random copolymerization of St and
MAH with thermal initiation. Conversion, copol-
ymer composition and the molecular weight data
available in the literature and our experiments
are compared with the predictions of the present
model and other gel-effect models.

BATCH THERMAL POLYMERIZATION OF ST

Hui and Hamileic(1972) provided the most
extensive experimental data for thermal polymer-
ization of St in the temperature range of 100 ~
200 °C. In Hui et al.’s work the mechanism and
kinetics model of this polymerization were de-
seribed in detail .

The thermal initiation rate of St, Ry, is giv-
en by(Husain et al., 1978):

RI = 2kl|:M1:|3 (11)

where k; is the initiation rate coefficient which
takes the following form:

ky = 2.19 x 10exp( - 13810/T) (12)

The propagation, termination and chain tran-
sfer rate constants at zero conversion were taken

from the literature( Duerkon et al., 1967) ;
(ky)o = 1.051 x 107exp(— 3557/T) (13)
(kg o' = 2.31 x 10%exp(— 6577/T) (14)
(k) = 1.255 x 10°exp(- 844/T)  (15)

In this paper, three models, the MH model,
TT model and the present model, are used to
treat the diffusion limitations on k, and k&, .

The MH model is based on free volume theo-
ry(Marten et al., 1982), i.e.

kt = (kt )0 VfZ Vfcr
chr ’ _1_4_ A
k= (k‘)( Ww) e"l’(vf ‘Vfcr) Vi= Vi
(16)
and
kp = (kp )0 VfZ Vfcr

B B (17)

1.75
k, = (kp)oeXP(r/; - er) Vi< Vi

Where Vi, and Vi, are critical free volumes
for k, and k,. The model parameters can be
found in the literature( Marten et al., 1982).

In the TT model, which is based on reptation
theory, ky is taken to be a constant and k, has
the forms(Tulig et al. , 1981) -
ky=(k)o—7C C=C.

Ccrit
Cc

Here, the parameters ¥ and C,; are esti-
mated from the experimental data.

To apply the model developed in this paper,
the bulk viscosity of the PS-St solution should be

available. Here, the following correlation( Men-
delson, 1979) was used:

7(Tr) = 3.31 x 10727 M3

2300exp(2.4C)(_1_ _1_)
exp R Tn ~ 473 ]
(19)

(18)

1.75
kt=kt(ccritM;2_( ) C> Vcrit
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where T} is the reaction temperature.

For the present model, it is supposed that
the termination is controlled by the diffusion of
chain radicals right from the start of polymeriza-
tion. Therefore, the onset of diffusion limitation
on k, and a in Eq (10) can be estimated from
the experimental data. It is very interesting that
the ratio of the two exponents in Egs (9) and
(10) is close to the ratio of the two overlapped
factors (A and B) in Egs (16) and (17).

The predictions of these models are com-
pared with the experimental data of Hui et al in
figures 1 and 2. It was found that although all
the three models can give good predictions for
the time evolution of conversion, only the MH
model and the present model can simulate well
the molecular weight of the produced polymer.
The TT model’s ignoring the diffusion limitation
on k, causes prediction of higher molecular
weight at high conversion.
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Fig.2 Conversion(a), weight average and number average molecular weights(b) for batch thermal
polymerization of St at 170 °C (Points and curves as described in Fig.1.)

CONTINUOUS THERMAL COPOLYMERIZATION
OF ST AND MAH

The mechanism of the copolymerization of St
and MAH is as follows ( Yao et al., 1998;
1999) .

3M;, —> 2R

R+ M — S Initiation

R + M, — M,,

Sn,m + Ml n+l,m

Saom + My —> M, .y Propagation

Mn.m + Ml Sn+l,m
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Sn,m + Si,j Pn+i,m+j

Soom + M; ;= Poyimyj Termination
Mn,m + Mi,j Pn+i,m+j
Spm + ZA—R + P, ,

Transfer

M,.,+ZA— R+ P, ,

Here, M, and M, are monomers, St and
MAH; R, the free radical species generated by
thermal initiation of St; S, , (M, ,) is the
growing free radical species with n unit of St and
m unit of MAH with terminal St (MAH); P, .,
the dead polymer with n unit of St and m unit of
MAH; ZA is the active Dies-Alder adducts of St
thermal initiation. It should be noted that only
combination termination is taken into account for
this mechanism. Otherwise, the MAH homopo-
lymerization is ignored because the maleic free
radical on the end of a growing chain can not
easily react with MAH monomer (Jones et al.,
1969) .

Since the reaction was carried out in a
CSTR, the following equations summarize the
material and energy balances of the reactor with
the assumption of perfect mixing

dN N
Tzl=F1 -_V_IQ—(’CH['\(SDHMIJ

+ k(A8 1LM DV (20)
%=F2_%Q_k12[A&JEM2]V (21)
By Pk nl2510m, ]

+ k(AR M, ]V (22)
& B+ kalam1 M1V (23)
%Rti- _'II_EQ+(R1“’C11[R][M1]

—kp[RIIM, ] + ki [A% 10 M, ]

+kﬂ2[AI&I)][M1])x V (24)
(RS

“dt Q+ {ku[R][MJ

+ k(A% 1M, ] - kp[A81IM; ]

—kt[/\oo]([/\oo'*'[l\oo]

— kn[Ap][M ]} x V (25)

D _ A 4 kg [RIM,]

+ k(A 1My ] - ke (210 M, ]

— kLA 1([A%]+[2%)

- ko (A 10M, ]} x V (26)
Do Koo 1y [RIOM,]

+ b [ABIIM, ] + Ry (2510, )

+ b (A 10M, ] — k(A% 1M, ]

—kLa% 1A% ]+ A% D)

- km[A%]IM ]} x V (27)
%‘9 A1°Q+{k12[/\lo][M2]

=k (A% T0M, ] - kA% 1(T A%

+ (20D -k [AG1M ] x V. (28)
A _ —ﬁQszl[A%’l][Ml]
dt Vv

— kA3 100, ] - £ [A5 1(LA% ]

(A8 - k(AR M XV (29)
R 04 ko[ RIOM,]

A5 10 M, ] + k[ 2310, ]

A AR APTAN( Y

L8] -k [ARIM ] <V (30)
Do Aok [RIOM,)

+ hy [ A% IIM, ]+ 2k, (231 M, ]
+ 2k [AMIIM, ] + kg [A5 1M, ]
+ k(A8 1IM, ] - ki [251[M,]
-k [A3]([A% ]+ [2%])

-k [A%][M ]} xV (31)

M M
%@: _'\7200_" {klz[/\%)][Mz]

— kb [A% 1M ] - E[2A%1([A5]
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+[A%]) - ke [A% 1M, ]} x

(32)
N S
B o 200 e (X101
— k(A1 IM, ] - k(A% 1([AG, ]
+[(ABD) — kg (A& 1M 1 x vV (33)
M
B Ao 1 kol RIIM,]
+ k(AL 1M, ] + 2k, [ 2511 M, ]
+ kplASlIMy] — ky [AE 1M, ]
—ELALTLALTI+[AED
~ k(AR 1M ] xV (34)
Bl A s e LA, ]
+k11[A ][Ml]‘*'km[l\ ][M1]
— kplA5 1 IM,] - kLA JCLAS,
+[A8D) -k [AL1IM 1 x Vo (35)
%11”1_ A“Q+%k12[/\11][M2]
+ kANl IM, ] — ky[AY 1M, ]
—ELAMIAAS T+ A D
—kp [AY M 1 xV (36)
Do _ Moo, (B(Tap)+ LD
+(kﬂ1[/1 ]+k121[/\ ])[M1]}XV
(37)
Do _Ang 4 (Cah]+ [ABD(A)
+ A8 D) + (ko (A ] + kg (A1) -
(M1} xV (38)
Do A0 k(AR (A D[]
+ (A5 + ke [A§ ] + ke [AE D) -
(M ]} xV (39)
Ba B0k ([A%] + DD (2]

+[A% 1) + (LA + (A% ])?
(kﬂl[l\ ]+k121[;\ ])[M1]§><V

P P (40)
B 220 4 k1 (Ta5] + [AB D) ([28]
+[A% D) + ([Ag ]+ [a§ D?

+ G (A ]+ e L1000, 7) x V
(a1)
B A AT+ T D]

+[/\ D+ (A + IA% DA ]
+ (A8 D) + e (A5 ] + B[ A5 ])
(M1} xV (42)

Here, the ij-th moments are defined as

S

EEnm’Snm
m=0

n=0

M i j

AY - nimM, .
n=0 m=0
o« o«©

AF = D> nimP

i = n,m
n=0 m=0

[M,] and [ M, ] are molar concentrations of St
and MAH; Q@ volumetric flow out of the reactor;
V available volume of reactor; k, is the termina-
tion rate coefficient; k;, the coefficients for var-
ious propagation reactions; k ; , the rate consta-
nts for chain transfer; [ A], the molar concen-
tration of species A.

In this work, the continuous thermal bulk
copolymerization of St/MAH was conducted un-
der different operating conditions. The agitator
torque was measured on-line and converted to
the bulk viscosity of the polymerizing medium.
In figures 3 ~ 5, the predictions from the three
gel-effect models (MH, TT, and present mode-
1s) are compared with experimental results on
the time evolution of conversion (C%), the
MAH weight fraction in copolymer (MAH% ),
the weight-average molecular weight (Mw) and
the molecular weight polydispersity .

It can be found that the deviation of the pre-
dicted profiles of the T-T model from experimen-
tal results is quite large in the region of relatively
high conversion. The discrepancies are also due
to the ignoring of the diffusion limitation on &, .
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The present model and MH model give similar
results agreeing very well with experimental data
under most operating conditions.

But for all models, the fits between model
results and experimental data were poor at very
high conversion, which can be reached when the
polymerization temperature or the MAH concen-
tration in the reaction mixture is high. In this
situation, it is impossible to achieve an instanta-
neous mixing of the entering low viscous mono-
mers and the existing polymerizing medium in
molecular level, and the micro-mixing process
may play an important role in altering the out-
come of polymerization. The micro-circumstanc-
es for variant radicals are different. If a macro-
scopic variable (bulk viscosity, free volume,
and polymer concentration) is used to describe
the diffusion phenomena, no good results can be
obtained. In this case, a new model with the
‘consideration of micro-mixing is needed.

CONCLUSIONS

A new model was presented to describe the

diffusion controlled polymerization. In this model
k, and k, were related with the rheological be-
haviors of the polymerizing mixture. This model
was used to simulate the batch bulk thermal po-
lymerization of St and the continuous bulk copo-
lymerization of St and MAH with thermal initia-
tion. The predicted results of the present model
and MH, TT models were compared with the ex-
perimental data. It was found that only the pr-
esent model and the MH model can give good re-
sults on the monomer-to-polymer conversion, the
molecular weight of the polymer and the copoly-
mer compositions. This indicated that rheological
data have same predictive power as the free vol-
ume to describe the diffusion phenomena in a po-
lymerization system. To calculate the free vol-
ume, a large number of parameters are needed,
especially for a copolymerization system. The
theolgical data is easy to get off-line or on-line,
and the present model can be conveniently ap-
plied to real time control processes. But all three
models failed to yield good simulated results at

very high conversion.
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